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I. Introduction

The objective of this research was thc development of thc nuclear-electronic orbital
(NEO) approach for the investigation of hydrogen bonding and hydrogen transfer systems of
interest to the Air Force. In this approach, specified hydrogen nuclei are treated quantum
mechanically on the same level as the electrons with molecular orbital techniques. Over the past
grant period, we have focused on four main projects. The first project was the development of
explicitly correlated and density functional theory approaches for incorporating electron-proton
correlation effects within the NEO framework.'® The second project was the development of
methodology for calculating vibronic couplings and tunncling splittings in proton-coupled
electron transfer and hydrogen transfer reactions.® The third project was the extension of the
NEO method to calculate annihilation rates for positronic systems.”'® The fourth project was the
study of nuclear quantum effects and anharmonic effects in hydrogen-bonded clusters, including
ammonium nitrate and hydroxylammonium nitrate clusters that arc relevant to ionic liquids.'""

Our accomplishments on these four projects are summarized below.
I1. Overview of Accomplishments

IL.A. Nuclear-Electronic Orbital (NEOQ) Method Development

In the nuclear-electronic orbital (NEO) approach,'™'*

specified nuclei are treated
quantum mechanically on the same level as the electrons by solving a mixed nuclear-electronic
Schrodinger equation. In previous grant cyclcs, we implemented the NEO approach at the
Hartree-Fock (NEO-HF)," configuration interaction (NEO-CI),"> multiconfigurational self-
consistent-field (NEO-MCSCF),"” and second order perturbation theory (NEO-MP2)!” levcls.
Related methods have been developed by other groups.””*’ We have shown that these methods
do not include sufficient electron-proton correlation to obtain even qualitatively accurate results
for certain types of systems.'*'*!***3! Qver the past grant pcriod, we developed the explicitly
correlated Hartree-Fock (NEO-XCHF) approach,"*'® which incorporates electron-proton
correlation directly into the self-consistent-field procedure for optimizing the nuclear-electronic

wavefunction using Gaussian-type geminal functions. Relatcd methods have been developed for

systems in which all nuclei and clectrons arc trcated quantum mechanically with both elcctron-



Sharon Hammes-Schiffer AFOSR Grant No. FA9550-07-1-0143
Final Technical Report 1 Dec 2006 - 30 Nov 2009

clectron and electron-proton explicit correlation,”” but these methods are computationally
expensive and are restricted to small systems. We also designed an electron-proton functional to

include electron-proton correlation within the framework of multicomponent DFT.*

I1.A.1. NEO-XCHF

The NEO-XCHF approach is based on the following ansatz for the nuclear-electronic

wavefunction: "’

N,

Ve = O°OP [l+i§fbk exp[—n rf-—r,.Pr:l], )]
i=l i'=1 k=1

where N, N,, and Ngm denote the numbers of electrons, quantum protons, and geminal

functions, ®“and ®° are electronic and nuclear Slater determinants compriscd of molecular

e

orbitals, r;

“ and r! denote electronic and nuclear coordinates, and b; and y are gcminal
parameters that are pre-determined from model systems. Based on this ansatz, the variational
method is used to minimize the total energy with respect to the electronic and nuclear molecular
orbitals. The resulting electronic and nuclear Hartree-Fock-Roothaan equations are solved
iteratively until self-consistency. In this manner, the explicit electron-proton correlation is
incorporated directly into the self-consistent-field procedure for optimizing the nuclear-
electronic wavefunction. Note that previously explicit electron-electron correlation®® was
included in MP2 corrections for electronic structure calculations,””’ but such an approach is not
suitable for electron-proton correlation because the Hartree-Fock reference is inadequate.

Over the past grant period, we derived the general expressions for the total energy and the
electronic and nuclear Fock operators corresponding to Eq. (1) in a spin orbital basis for many-
electron systems.1 We also derived the restricted Hartree-Fock (RHF) formulation of NEO-

XCHF for closed-shell electronic systems in an atomic orbital basis. In addition, we performed
benchmark calculations on the [He-H-He]" model system and compared the NEO-XCHF
method to the NEO-HF and grid-based methods. Recently we identified a technical problem

with the computer code and are working on correcting the problem and generating new values
for these benchmarking calculations. Since the NEO-XCHF method includes the significant
electron-proton correlation, it will provide an accurate description of the proton density and the

physical properties relying on this density.
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Subsequently, we extended the NEO-XCHF approach to treat many-electron, many-
proton systems and to describe a broader class of systems that require a morc general form of the
wavefunction (i.c., open-shell and multireference wavefunctions).” This general formulation of
the NEO-XCHF approach is based on a density matrix represcntation. We derived expressions
for the one- and two-particle geminal densities, as well as the total energy, in terms of auxiliary
densities corresponding to the molecular orbitals in the Slater determinants. We also derived
expressions for the total energy and the electronic and nuclear Fock matrices in an atomic orbital
basis for the special case of single determinant electronic and nuclear wavefunctions and closed-
shell electronic systems. These expressions can be substituted directly into the standard Hartree-
Fock-Roothaan equations, which are solved iteratively to self-consistency. The density matrix
representation facilitates the development of approximate NEO-XCHF methods, in which
specified high-order density terms are neglected to decrease the computational expense, and
provides the foundation for the development of electron-proton functionals within the framework

of multicomponent DFT. Note that an alternative approach has also been used to extend the

58-60 61-63

density matrix methods to multicomponent systems recently.
I11.A.2. Multicomponent DFT

In multicomponent DFT, both electrons and nuclei are treated quantum mechanically
within the DFT framework.”?*%%%°  Although the existence of ground state density functionals

64,66

in terms of the one-particle electronic and nuclear densities has been proven, the

development of such electronic-nuclear functionals is challenging. Reparametrizing existing

electronic functionals for use as electron-proton functionals®”*

is not physically meaningful due
to the fundamental differences between electron-electron and eclectron-proton interactions.
Approximate electronic-nuclear functionals in terms of the one-particle electron density and the
Ny-particle nuclear density matrix have been proposed for systems in which all N, nuclei arc
treated quantum mechanically, but this approach has not been extended beyond H,.***

Over the past grant period, we developed and implemcnted a strategy for the design of
electron-proton density functionals in multicomponent DFT.* According to the Hohenberg-
Kohn theorem for multicomponent systems, the total energy is a functional of the one-particle
electronic and nuclear densities, p° and p?. Within the Kohn-Sham formalism, the total energy

can be expressed as follows:
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E[pc,p*]= IVccp°dr° i IVpcp"dr" +Ewe[p%,07]
+Es[p ]+ ER[p7]+ Eqe[ 0%, 7]

On the right side of this expression, the first two terms correspond to the interaction of the

()

electrons and quantum protons with the classical nuclei, and the third term is defined to include
the kinetic energies of the electrons and quantum protons for non-interacting particles and the so-

called “classical” Coulomb interactions for all quantum particles (i.e., electron-electron, electron-

proton, and proton-proton). The term Eg[p°] is the exchange-correlation functional for the

electrons and could be chosen to be an existing electronic functional. The term Ef, [ pp] is the
exchange-correlation functional for the quantum protons and is typically negligible because the
proton densities are localized and spatially separated in molecular systems. In pracﬁce, each
quantum proton occupies a different spatial orbital, and Hartree-Fock exchange for protons is
included to alleviate potential difficulties with self-interaction. The last term, E, [p"', pp], is
the electron-proton correlation functional that was the focus of our studies. Within the Kohn-
Sham framework, the one-particle electronic and nuclear densities are represented in terms of
Kohn-Sham orbitals, and the variational method is used to obtain analogs of the electronic and
nuclear Hartree-Fock-Roothaan equations, which are solved iteratively to self-consistency.
In our studies, we defined the general electron-proton functional as

E,[p°.p" )= [[drtdrts) p? @ x") = [ [drtdr®ry) p*(c%) o7 ("), (3)
which is the difference between the “exact” electron-proton interaction based on the electron-
proton pair density p® and the “classical” electron-proton Coulomb interaction based on the
one-particle densities. We then used the explicitly correlated geminal wavefunction ansatz in
Eq. (1) to obtain an approximate expression for the electron-proton pair density in terms of the

one-particle electron and proton densities (i.e., p® = F [ P, pp] ). Substitution of this expression

2 [ p°,pp] for p? into Eq. (3) provided an electron-proton functional in terms of one-particle

densities.* The application of this NEO-DFT method to the [He-H-He]™ model system will be
re-examined with the new version of the code. In addition to the development of this specific
functional, we derived a number of important mathematical properties of the exact universal

multicomponent density functional.’
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We also developed the NEO-DFT(ee) method for including electron-electron correlation
within the NEO framework.” In the initial implementation of the NEO-DFT(ee) approach, the
electron-proton correlation was neglected for simplicity. In the context of Eq. (2), the electronic
exchange-correlation functional was chosen to be the standard B3LYP electronic functional,””"
the proton exchange-correlation functional was chosen to be Hartree-Fock exchange, and the
electron-proton correlation functional was neglected. This approach includes feedback between
the correlated electron density and the nuclear wavefunction. We applied this approach to
bihalides, and the NEO-DFT(ee) optimized bihalide structures are in excellent agreement with

the vibrationally averaged geometries from grid-based quantum dynamical methods.

I1.B. Vibronic Couplings and Tunneling Splittings

We developed methodology for calculating vibronic couplings for proton-coupled
electron transfer (PCET) reactions.*®’” In this methodology, all electrons and the transferring
hydrogen nucleus are treated quantum mechanically, and the vibronic coupling is defined as the
Hamiltonian matrix element between the reactant and product mixed electron-proton vibronic
wavefunctions. We implemented a grid-based nonadiabatic method’>”® and the NEO
nonorthogonal configuration interaction method'® for calculating vibronic couplings. We
utilized this methodology to investigate the impact of substituents on the vibronic coupling for
the phenoxyl/phenol self-exchange reaction,’ which occurs by a PCET mechanism.”*’*"® The
results indicate that electron donating groups enhance the vibronic coupling, while electron
withdrawing groups attenuate the vibronic coupling. Thus, if all other aspects of the reaction are
the same, then electron donating groups will increase the rate, while electron withdrawing groups
will decrease the rate. We also analyzed correlations between the vibronic coupling and physical
properties of the phenol, such as Hammett constants, bond dissociation enthalpies, ionization
potentials, redox potentials, and pK, values.

In addition, we combined the NEO method with vibronic coupling theory to calculate
hydrogen tunneling splittings in polyatomic molecules.” In this NEO-vibronic coupling
approach, the transferring proton and all electrons are treated quantum mechanically at the NEO
level, and the other nuclei are treated quantum mechanically using vibronic coupling theory.”®”’
The dynamics of the molecule are described by a vibronic Hamiltonian in an approximately

diabatic basis of two localized nuclear-electronic states for the electrons and transferring proton.
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and efficient for relatively large molecules,
and the accuracy can be improved
systematically.  An alternative approach
involving multidimensional  wavepacket

A4

dynamics has been used to study hydrogen
8

We used the NEO-vibronic coupling \scalizad prolon

approach to calculate the hydrogen tunneling transferring proton are depicted in blue as contour
plots on the left and the right.*’

splitting for malonaldehyde.” This system is

o ; Figure 1: Schematic picture of the two localized
bonding in other systems. proton orbitals used in the NEO-vibronic coupling
theory calculations for malonaldehyde. The

orbitals corresponding to the

ideal for benchmarking purposes because

numerous theoretical calculations of the ground state tunneling splitting of malonaldehyde have

been published.”** The two localized NEO states are depicted in Figure 1, and two of the

modes strongly coupled to the hydrogen tunneling are depicted in Figure 2. The tunneling

splitting of 24.5 cm™ calculated with the NEO-vibronic coupling approach at the MP2 level of

electronic structure theory is in excellent agreement with the experimental value of 21.6 cm™.

This approach also enables the identification of the dominant
modes coupled to the transferring hydrogen motion and
provides insight into their roles in the hydrogen tunneling
process. The NEO-vibronic coupling approach is not as
accurate as methods such as multiconfigurational time-

8993 and diffusion Monte Carlo,”™ but it is

dependent Hartree
designed to provide qualitatively accurate tunneling splittings at
lower computational cost, thereby enabling calculations on
larger molecules that cannot be studied with the more expensive
methods. In addition, this approach is capable of including
nonadiabatic effects between the electrons and the proton and
can be used to identify the dominant modes that should be

included in reduced-dimensionality calculations with more

accurate methods.

<
<

O

Figure 2: Two normal modes
that are strongly coupled to
the transferring hydrogen
motion in malonaldehyde,
with a symmetric mode on
the top and an asymmetric
mode on the bottom.*’
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I1.C. Positrons

We modified and extended the NEO methods to study mixed electron-positron quantum
systems.”'® In this approach, all electrons and the positron are treated quantum mechanically,
while the nuclei are represented as classical point charges. The initial work was performed in
collaboration with Paul Adamson and Larry Burggraf at the Air Force Institute of Technology at
Wright-Patterson Air Force Base.” Dr. Adamson, who was a graduate student with Dr. Burggraf
at the time, implemented the NEO-HF, NEO-MP2, and NEO-FCI methods to calculate electron-
positron annihilation rates. He applied these methods to positronium hydride (PsH), which
consists of a proton, two electrons, and a positron, and to the ¢'LiH molecule. Even NEO-FCI,
which is computationally impractical for larger systems, produced an annihilation rate that was
less than 40% of the most accurate results for PsH.” Successful calculations of positron
annihilation rates in small systems such as PsH have relied on an explicit treatment of dynamical
correlation.”*”  While such methods typically produce highly accurate annihilation rates, they
are computationally expensive and are not easily extended to systems with more than a few
electrons.

Recently we extended the NEO-XCHF method to electron-positron systems and
calculated the positron annihilation rate for PsH.'® The NEO-XCHF method is more
computationally efficient than the explicitly correlated methods previously applied to this system
because only the electron-positron dynamical correlation is treated explicitly, so fewer
parameters must be optimized during the variational procedure. The annihilation rate is a
measure of the local property of the wavefunction in the region of small electron-positron
distances, where the electron-positron dynamical correlation is significant and is well-described
by the explicitly correlated geminal wavefunction. This approach is not expected to be more
accurate than many other methods that were used successfully to calculate positron annihilation
rates in small positron systems,”*” but it is designed to be more easily extendable to larger
systems. The NEO-XCHF annihilation rate for PsH is within 20% of the most accurate values
available and is calculated at a fraction of the computational cost. These results suggest that
qualitatively accurate positron annihilation rates can be calculated treating only electron-positron
correlation explicitly, leading to significant computational savings by neglecting electron-

electron dynamical correlation. Thus, the NEO-XCHF approach could potentially enable the
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calculation of qualitatively accurate positron annihilation rates for larger positron systems.

96,97

Given the wide range of experimentally measured positron annihilation rates,”" such qualitative

predictions are expected to be useful for technological applications of interest to the Air Force.

I1.D. Nuclear Quantum Effects and Anharmonic Effects in Hydrogen-Bonded Clusters

We investigated the impact of nuclear quantum effects on hydrogen bonding for a series
of hydrogen fluoride (HF), clusters and a partially solvated fluoride anion, F (H,O). The nuclear
quantum effects were included using the path integral formalism in conjunction with the Car-
Parrinello molecular dynamics (PICPMD) method and using the second-order vibrational
perturbation theory (VPT2) approach. For the HF clusters, we observed a directional change in
the impact of nuclear quantum effects on the hydrogen bonding strength as the clusters evolve
toward the condensed phase. Specifically, the inclusion of nuclear quantum effects increases the
F---F distances for the (HF),->_4 clusters and decreases the F---F distances for the (HF),-4
clusters. This directional change occurs because the enhanced electrostatic interactions between
the HF monomers become more dominant than the zero point energy effects of librational modes
as the size of the HF clusters increases. For the F(H,O) system, the inclusion of nuclear
quantum effects decreases the F---O distance and strengthens the hydrogen bonding interaction
between the fluoride anion and the water molecule because of enhanced electrostatic
interactions. The vibrationally averaged "F shielding constant for F(H,0) we found to be
significantly lower than the value for the equilibrium geometry, indicating that the electronic
density on the fluorine decreases as a result of the quantum delocalization of the shared
hydrogen. Deuteration of this system leads to an increase in the vibrationally averaged F---O
distance and nuclear magnetic shielding constant because of the smaller degree of quantum
delocalization for deuterium.

We also investigated hydrogen-bonded clusters that are relevant to ionic liquids, which
are promising candidates for highly energetic and environmentally benign propellants. In this
study, we characterized the covalent and ionic clusters of ammonium nitrate and hydroxyl
ammonium nitrate using density functional theory and second-order vibrational perturbation

theory. 2

The most stable structures are covalent acid-base pairs for the monomers and ionic
acid-base pairs for the dimers. The hydrogen bonding distances are greater in the ionic dimers

than in the covalent monomers, and the stretching frequencies are significantly different in the
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covalent and ionic clusters. The anharmonicity of the potential energy surfaces is found to
influence the geometries, frequencies, and nuclear magnetic shielding constants for these
systems. The inclusion of anharmonic effects significantly decreases many of the calculated
vibrational frequencies in these clusters and improves the agreement of the calculated
frequencies with the experimental data available for the isolated neutral species. The
calculations of nuclear magnetic shielding constants for all nuclei in these clusters illustrate that
quantitatively accurate predictions of nuclear magnetic shieldings for comparison to
experimental data require the inclusion of anharmonic effects. These calculations of geometries,
frequencies, and shielding constants provide insight into the significance of anharmonic effects
in ionic materials and provide data that will be useful for the parameterization of molecular
mechanical forcefields for ionic liquids. Anharmonic effects will be particularly important for

the study of proton transfer reactions in ionic materials.

I11. Summary

To summarize, we have developed the nuclear-electronic orbital (NEO) approach for
incorporating nuclear quantum effects into electronic structure calculations. This approach
enables the calculation of structures, energies, frequencies, tunneling splittings, and vibronic
couplings for hydrogen bonding and hydrogen transfer systems. The advances and extensions
developed over the past grant period have enhanced the accuracy and applicability of this
approach. Two particularly promising directions are the inclusion of explicit electron-proton
correlation in wavefunction methods and the design of electron-proton functionals in
multicomponent density functional theory. In addition to this method development, we have
performed calculations of vibronic couplings for proton-coupled electron transfer systems and
hydrogen tunneling splittings for molecular systems such as malonaldehyde. Furthermore,
applications of quantum dynamical methods to covalent and ionic clusters have provided insights
into the hydrogen bonding properties of systems related to ionic liquids. These types of
calculations provide information that should aid in the design and characterization of highly

energetic materials of interest to the Air Force.

10
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Coupled Electron Transfer in Solution, Proteins, and Electrochemistry”

AFOSR Contractor’s Meeting, San Diego, California, May 17-19, 2009 (invited talk):
“Nuclear-Electronic ~ Orbital ~ Approach:  Electron-Proton  Correlation  and
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20-24, 2009 (invited talk): “Nuclear-Electronic Orbital Approach: Electron-Proton
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None
New discoveries, inventions, or patent disclosures
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American Chemical Society Akron Section Award, 2008
Senior Editor for The Journal of Physical Chemistry, 2001 — present
Senior Editor for The Journal of Physical Chemistry Letters, 2009 — present

Rotation as Chair of the Physical Chemistry Division of the American Chemical Society, 2008 —
2013

Editorial Advisory Board for the Journal of Chemical Theory and Computation, 2010 — present
Editorial Advisory Board for The Journal of the American Chemical Society, 2008 — present
Editorial Advisory Board for Accounts of Chemical Research, 2006 — present

Member of BESAC (Basic Energy Sciences Advisory Committee) for the Department of Energy,
2008 — 2012

Guest Editor for a special issue of Accounts of Chemical Research on Artificial Photosynthesis
and Solar Fuels, 2009

Guest Editor for a special issue of Chemical Reviews on Proton-Coupled Electron Transfer, 2010
Advisory Board for Theoretical Chemistry Accounts, 2002 — 2008

Member of a Committee of Visitors (COV) for the Chemical Sciences, Geosciences, and
Biosciences Division in Basic Energy Sciences, serving on a panel that covers the research
activities in the Photochemistry and Radiation Research and Condensed-phase Chemical Physics
programs, April 2008

Co-organized a Workshop entitled “Chemical Dynamics: Challenges and Approaches” for a
Thematic Year in Mathematics and Chemistry at the Institute for Mathematics and its
Applications at the University of Minnesota, January 2009

Organized the symposium entitled “Quantum Mechanics and Statistical Mechanics: Can One
Avoid the Other?” for the American Chemical Society National Meeting in August, 2007 in
Boston, MA

Organized the symposium entitled “Computational Studies of Mechanistic and Dynamical
Aspects of Enzyme Reactions” for the ASBMB meeting in May, 2007 in Washington D.C.
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